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Low altitude flight is extremely demanding on the rotorcraft
pilots. This fact has motivated the research in automating
various components of low altitude rotorcraft flight operations.
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INTRODUCTION

Low altitude flight mode is one in which a
rotorcraft flies close to the terrain, with an altitude
clearance of less than 50 ft, while avoiding various
obstacles on the way under all weather conditions.
This flight regime is extremely taxing on the rotorcraft
pilots who have to carry out many other duties in
addition to flying the aircraft. These factors have
motivated the research in automating the low altitude
flight regime [1-3].

The task of locating various obstacles within the
field-of-view has emerged as the central problem in the
development of pilot aids for low altitude flight. Use
of active sensors such as radar or laser rangers are not
desirable due to their significant power requirements
and the difficulty in conducting covert missions
with such devices on-board. This issue has driven
the research in developing passive obstacle location
schemes using conventional TV and infrared imaging
devices. i

Several approaches to the image-based obstacle
location problem have emerged in recent years [4-9].
Specifically, [4] has discussed the development of a
recursive obstacle location scheme for low altitude
helicopter flight. In that approach, various features of
interest in an image sequence such as regions of high
contrast are used to determine the location of various
objects within the field-of-view. Techniques such as
these are termed as feature-based to distinguish them
from techniques that do not explicitly use any object
features for determining their location. Image-based
obstacle location algorithms that do not explicitly
employ features are termed field-based approaches.
Various aspects of a field-based algorithm are discussed
in [7-9].

In the present work, the field-based obstacle
location scheme discussed in [7-9] is extended to
permit the inclusion of rotational and translational
motion of the imaging devices and the rotorcraft.
While such an extension is nontrivial, this aspect needs
to be addressed before an operational system can be
synthesized.

VISION-BASED OBSTACLE LOCATION

Passive obstacle location methods using
electro-optical sensors have their basis in the fact
that the images obtained from sensors mounted on
a moving vehicle will exhibit irradiance changes at
each pixel. Relative location of various objects, vehicle
motion parameters, relative location of the imaging
devices, the scene surface reflectance, and the location
of illumination sources all influence this irradiance
change. If the surface reflectance and the illumination
are assumed to remain constant during the imaging
process, then the observed image irradiance changes at
each pixel are entirely due to the relative location
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of various objects within the field-of-view and the
vehicle motion parameters. Additionally, if all the
objects within the field-of-view are assumed fixed with
respect to an inertial frame, then the irradiance change
at each pixel location can be directly related to the
location of these objects. In this case, if the vehicle
motion parameters and the imaging device constants
are known, it is possible to determine the location of
various points within the field-of-view.

Image-based obstacle location algorithms operate
on the basis of the correspondence hypothesis. The
central idea here is to establish the correspondence
between various objects in a pair of images and to
measure the displacement of these objects on the
image plane. The measured displacement or the
disparity can then be employed together with the
perspective projection gecometry for computing the
location of various objects within the field-of-view.

In order further to crystallize these ideas, consider
the various coordinate systems illustrated in Fig. 1. The
first of these is the image plane coordinate system with
the major axis of the image plane being designated
as the X, axis and the minor axis being labelled the
Y, axis. The origin of this image plane coordinate
system is located at the center of the aperture. In
this coordinate system, an image may be defined as
an irradiance distribution E(x,y,), with E being the
irradiance specified on a gray scale at a point x,y, 01t
the image plane. Next consider the camera coordinate
system X, Ye, Z. with the X, axis passing through
the origin of the image-plane coordinate system, and
the axes Y,, Z. being parallel to the image plane
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coordinate system. The origin of the camera coordinate
system is at the lens center, located one focal length f
behind the image plane X, Yp. Such an arrangement
of the camera coordinate system is routinely employed
in image processing work to avoid having to deal with
inverted images.

The origin of the camera coordinate system is
assumed to be located at a point I3, Iz, /3 with respect
to the body axis, and oriented by three angles €1, €2, €3
about the Z,, Y, and X, axes, respectively. The vehicle
body axis system is defined using the standard flight
dynamics convention, viz., the X, axis pointing along
the nose of the rotorcraft, Y, axis along the starboard
direction, and the Z, axis completing the right-handed
triad. The body axis system may be related to an
inertial frame X, Y, Z through yaw, pitch, roll Euler
angles v, 9, ¢ and the three translational components
Xy, Yv» Zv. ThE definition of the inertial frame follows
the standard flight dynamics convention with the X
axis pointing toward north, the Y axis pointing toward
east, and the Z axis pointed in the direction of local
gravity vector.

A point x, y, corresponding to the object in the
image plane is related to its location with respect to
the inertial frame x, y, z through various translations
and rotations of the vehicle body frame and the
camera frame, together with the perspective projection.

Let E1(xp,yp) and Ex(xp,yp) be two different
views of a sample scene. Assuming that these two
images contain all the objects of interest and that to
a large degree, the perceived irradiance of the scene
has remained invariant during the imaging process, the
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correspondence hypothesis can be expressed as
E\(xpryp) = Ea(xp + Dxpiyp+ Aypa) (1)
Ex(xp,yp) = E1(xp — Axp1,yp = AYp1)- @)

Here, Axp1, Ayp1, AXxp2, Ayp are the disparities
between the corresponding points in the two images
defined at every point on the image plane. Assuming
that the same object is being observed at the pixel
location x,,y, in these two images, one has that
Axpl = —Ax,,z, Aypl = ——Aypz.

It is important to stress that the correspondence
hypothesis expressed in (1) and (2) should be
interpreted in a limited sense because it does not
account for various occlusions that can arise during
the imaging process. These occlusions arise due to the
viewing angle and the camera aperture dimensions.
Note that equations such as (1) and (2) can be
written for any number of images, provided that the
objects of interest appear in all the images. Various
methods for satisfying the correspondence hypothesis
have been discussed in the literature [4-10]. In the
present research, the correspondence hypothesis is
approximated by first expanding the expressions (1)
and (2) in a Taylor series and then truncating them
based on the acceptable computational complexity.
Such an expansion treats disparities Ax,, Ay, as
perturbations about the specified pixel locations.
Clearly, the error in such an approximation depends
on the number of terms included in the Taylor series.

In ail that follows, a bold face lower case letter
denotes a vector, while a bold face upper case letter
denotes a matrix. A superscript T is used to denote the
vector-matrix transpose operation. Define the disparity
vector d, the irradiance gradient vector g, and the
irradiance Hessian matrix H as

. [Ax,,]_ _ [aE/ax,,]
Ay,l’ 0E/dy,
0%E[8x%  8*E[0x,dy, ®)
T |E/0y,0x, 0%E/0y’ ] '

Equations (1) and (2) can now be expanded using a
two-dimensional Taylor series to yield

Ei—Ex=gid+ }dTHad + . 4
Similarly,
Ey—E; =-gld+id™Hyd— . ®)

Expressions (4) and (5) relate the irradiance spatial
partial derivatives to the irradiance change and the
image disparities at every pixel. It is awkward to
express the terms beyond second-order in (4) and (5)
using the vector-matrix notation because they contain
tensors.

In the special case where the disparities Ax,, Ay,
arise from the vehicle motion resulting in apparent
image velocities, the equations (4) and (5), with

the first term on the right-hand side, become the
optical flow constraint equation [10]. In this case, the
apparent image velocity components are called the
optical flow velocities. This characterization is avoided
here because the disparities Ax,, Ay, may arise
from other sources also, stereo camera arrangement
being an example. By adopting the point-of-view
proposed in the foregoing, (4) and (5) may be used
for temporal image sequences from a single camera
motion sequence as well as simultaneous images
obtained from several cameras.

Adding and subtracting the expressions (4) and (5)
results in

Ei—Ey=}[gi+g)"d+}d"[H—Hi]d+--- (6)
0=[g2—g]Td+ Jd"[H; + Ho]d + . (7)

Next, as in [8], equation (6) is used for obstacle
location, while the expression (7) is used for computing
the truncation error in the Taylor series approximation.
The components of the disparity vector Ax,, Ay, can
now be related to the vehicle motion parameters and
the location of various objects in the field-of-view.

Let x, y., z. be the location of a point on an
object with respect to the camera coordinate system.
Since origin of the image plane is located at the point
[f 0 0]T .with respect to the camera frame, this object
point would appear at a point X, y, on the image
plane. If the camera focal length is f, then perspective
projection rules require that

Now, if x5, y», 2» are the position vector components
of the point X, y., z. in the body axis system,

Xc Xp — ll
Ye | = T1 Yo — 12 (10)
Zc Zp—13
where
C€xC€q C€25€1 —5€p
T1 = | S€35€72C€1 — CE€35€1  SE€35€25€1 + ce3c€qp SE€3C€Q
CE3S€2CEY + SE35€]  CE3SERS€] — SE3CE]  CE3CEL
(11)
The variables ¢ and s in the 3 x 3 matrix in (11)
denote the sine and cosine functions. In a more
concise notation,
X, = Tl(Xb - l). (12)

Next, if the location of the same object with respect
to an inertial frame is x, y, z, and the vehicle is
located at a point x,, y,, z, with respect to this inertial
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frame, the position components of the object point in
the body frame are given by

Xb X—x,
| =T2|y=y (13)
Zp z—12,
where
clcyp clsy —s6
Ty = | s¢sOcy —copsy  spsOsy +cpcyp  sopch
cosOcy + sgsy  copsOsy — spcyy  coch

Here, 9, 6, ¢ are the yaw, pitch, and roll attitudes
of the rotorcraft. Equation (13) can be written in a
compact form as

xp = Ta(x — x,).

(15)

Since the objective is to eliminate the disparity
vector d in favor of the object position vector
components, (8) and (9) can be used to examine
the changes in x,, y, in response to the changes in
the vehicle location by Ax,, Ay,, Az,. For the sake
of clarity, this can be carried out in two steps. First
consider the changes in x,, y, in response to changes
in X, Y., z.. This can be accomplished by evaluating
the expressions (8) and (9) with the camera referenced
object location being defined as x. + Ax,, y. + Ay,,

z. + Az.. Using elementary algebraic operations it can
be shown that

Ay, Ax,
A=l A .1 Ax, (16)
AZC Axc
- _ . 17
Ave=f Az, YPx. v Ax, an

These changes in the image frames are assumed to
occur solely due to the motion of the rotorcraft. Next
examine the changes in x., y., z. due to the changes
in vehicle position components x,, y,, z,. Using the
coordinate transformations discussed (12) and (15) one
has that

AXC = TlAXb
Axp = AT (x —x,) — T2Ax, — AT2Ax,.

(18)
19)

The matrix AT is the change in the transformation
matrix relating the body frame and the inertial frame
caused by the changes in the vehicle attitude. Note
that (18) assumes that the camera is fixed relative to the
vehicle. Equation (19) assumes that the obstacles are
fixed with respect to the inertial frame. Next substituting
(19) in (18) resuits in

Ax, =Ti[AT(x —x,) — (T, + ATy)Ax,]. (20)
Using (12) and (15),
x—x, = TS[T]x. +1]. (1)

828

Substituting (21) in (20) yields
Ax. = Ti[AT T3 (TTx. + 1) — (T2 + AT2)AX, ].

(22)
Finally, dividing expression (22) by x. on both
sides:
Ax./x. 1
Ay./x. | = TIATIIT] | x,/f
Az./x, y p/ f
Li/xc
+T1AT,TS | I/ x,
I/x.
Axy/x,
—Ti(T2 + ATy) [ Ayy/x. (23)
Az, /x,
For the sake of brevity, (23) can be expressed in
the form
Axc/x, ko + k3/xc
Ay /x| = | k1 +ka/xc (24)
Az./x, ka +ks/x.

with parameters ko, ki1, k2, k3, k4, ks being computed
using the operations indicated in (23). The rows of (24)
can now be substituted in the expressions (16) and (17)
to yield

— fkl—xpko +(fk4—xpk3)/xc
1+ kg +k3/xc

_ fk2—ypko + (Fks — ypk3)/xc
1+ko+ k3/xc ’

Axp (25)

Ay, (26)
Note that the Ax,, Ay, are bilinear with respect
to the inverse of the object position component x.
measured with respect to the camera coordinate
system. Next, (25) and (26) may be substituted in the
Taylor series approximation of the correspondence
equation (6) to yield an equation that relates the
vehicle-camera motion parameters with the image
irradiance partial derivatives. In order to simplify
the development, only a linear approximation is
discussed here. The approach to include second-order
terms is direct. From (6), the first-order Taylor series
approximation of the correspondence hypothesis is

0E,  OE
_E, =122 4222
Ei-E=5 [axp + 6xp] Ax,

1|25 %] Ay,. (27)

2 [ﬁ 9yp
Substituting for the disparity components Ax p,
Ay, in (27) from (25), (26) yields
v = ksci1 — a1(fks — xpk3) — bi(fks — y,k3)
° ai(fk1— xpko) + bi(fka — ypko) — c1(1 + ko)
(28
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where

0E,  OFE;
= 1|2 L 7=
a=1 [ 5, " ox, (29)
0E, OF
1|95 922
=2 [3}’17 * 0)’17] 30)
1= E2 - E1, (31)

Various quantities on the right-hand side of (28)
can be obtained from on-board instruments and the
given image sequences. Hence, (28) can be solved to
obtain x.. Once x, is computed at every pixel location,
the two remaining components of the object position
vector at every pixel can be determined using the
relations:

Ye=XcXp/f, ze = Xcyp/f- (32)
The position of the object with respect to the
inertial frame is then given by
x=x, + T3 (ITx, +1). (33)

The instantaneous vehicle position vector x,, the
instantaneous transformation matrix from the vehicle
body frame to the inertial frame T, its change AT»,
the constant transformation matrix from the vehicle
body frame to the camera frame T;, the camera
focal length f and its orientation angles are known
from various on-board instruments. Hence, the object
location can be calculated using expression (33).

The image sequence related quantities in (28)
are the image spatial partial derivatives 0E;/0x,
OE,/dyp, OE>/0x,, 0E»/dy, and the irradiance
difference E; — E; at every pixel. A method for
estimating these quantities is presented in the next
section.

PARTIAL DERIVATIVE ESTIMATION

Several numerical techniques are available in
the literature for the computation of the partial
derivatives [10]. These range from simple central
difference schemes to very sophisticated algorithms
that reject noise and unwanted frequency components
in the input signal. It is well known in the signal
processing literature that derivative estimation is
a noise amplifying process. Given an irradiance
distribution E(x,,y,), the objective of the partial
derivative estimators is to provide relatively noise-free
estimates of 9E/3x», E/dy,, 0*E/0x%, 0*E/dy>,
82E0x 3y p, ..., together with a consistent image
irradiance distribution. Additionally, it is desirable to
carry out this estimation process as fast as possible to
enable real-time or near real-time implementation of
the object location algorithm.

Frequency domain estimation methods are
popular in the image processing literature [10]. While
these approaches enable a direct formulation of the
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noncasual estimation problem, they are unattractive
for use with electro-optical sensors that form images
using a sequential scanning process. In the following,
a partial derivative estimator is formulated directly

in the spatial domain. Unlike the frequency domain
estimators, the present formulation employs causal
estimators to permit sequential computations.
Although this approximation compromises accuracy

to a certain extent, numerical experiments have shown
that the error magnitude can be controlled by a careful
selection of the estimator parameters.

Following the frequency domain image processing
methods [10], the image irradiance distribution
E(xp,yp) is assumed to be factored into a product
of two functions of one variable each, denoted by
the symbols e;(x,) and e2(y,). This factorization
allows the evaluation of double integrals as products
of two, single integrals. Note that such a factorization
is routinely employed to produce solutions of linear
partial differential equations [11]. In the following,
estimated quantities are denoted by a *. Thus,

(C))

E =ei(xp)ea(yp)s E= é1(xp)é2(yp)

E is the estimated irradiance distribution. The partial
derivatives of E can be written in terms of the total
derivatives of its factors &y, é; as

Xp dx, Yp dy,
PE |, d’% ’E d%e,
0’k _ dé, dé;

0x,0y, dxpdy,”"""" 35

With this factorization, the estimation problem can
be cast as two, coupled, one-dimensional estimation
problems. Although the estimation problem can be
formulated either as a serial process or as a parallel
process [9), a serial implementation is discussed here.

Define p as the n-dimensional estimator state
vector. The estimator dimension » may be selected
based on the order of partial derivatives to be
estimated and the desired smoothness requirement.
For instance, if it is desired to estimate the first-order
and the second-order partial derivatives with the
requirement that the second-order partial derivatives
be smooth, n has to be at least 3. Next consider a
linear dynamic process evolving along the x, direction
with the measured image irradiance E as the input.

i-p =Ap +BE. 36)
dx,

This dynamic process is assumed to evolve along
the image scan lines. The matrices A and B can be
chosen to obtain the desired transmission gain and
bandwidth for the x, spatial frequencies. The output
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Fig. 2. Electro-optical navigation algorithm.

equation for this linear dynamic process can be defined

as
T
] e

The matrices C, D should be chosen based on the
linear dynamic system (36) dimension and on the
desired orders of the partial derivatives.

Similarly, define a linear dynamic process evolving
along the y, direction, with the first element of the
vector r as the input, ie.,

déy d%é,

=Cp+DE = _—
r=Cp , r=e; \:éldxp az

=Mq+ Neséy. (38)

dyp
The matrices M and N can be chosen to obtain
the desired gain and bandwidth for the y, spatial
frequency components. The output equation of this
dynamic process can be chosen as

s = Kq +Léez,

T
(o |o, 402 402 (39)

=81 |r5——=5—=---
dyp d)’%

with the matrices K, L being chosen in the same
manner as the output matrices C, D in (37). The
vectors r and s can now be used to compute the

estimated image irradiance and its various partial
derivatives. Elements of these vectors are denoted by

830

lower case letters in the following. It can be verified
that

. 0E s ok
E=Sl, T a =52
0x, n 0y,
62E 513 BZE
=12 == 40
0x2 n ay? 53 (40)
82E _ r282
ax,0y, n

In (40), it is important to ensure that the first
element of the r vector r1 does not become zero at any
point on the image. This can be assured by adding a
constant bias to the input image E and subtracting this
bias at the output. Note that such an operation does
not alter the partial derivative estimates.

Since the partial derivative estimation process was
formulated keeping the image forming process in view,
these quantities are available as the image is being
formed. As a result, by the time the image scanning
process is complete, various parameters required in
(28) can be computed. Thus, after the availability of
the first frame, the object location computations can
be completed at the camera frame rate.

A block diagram of the object location algorithm
is given in Fig. 2. This block diagram assumes that
an image pair is available at the beginning of the
computations. The estimators along the X, and
Y, directions provide the noise-attenuated partial
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Fig. 3. First sample image.

derivatives together with consistent image irradiance
estimates. The coefficients of (28) are then computed
by combining this information with the vehicle-camera
motion data. The position vector component x.
corresponding to every point on the image plane is
then computed by applying (28) at every pixel. The
vehicle and the camera rotational and translational
data required for this calculation are assumed to

be available from on-board instruments. The other
components of the position vector y., z. at every pixel
are then determined using (32).

The quantities x., y., z. are computed only at
regions where the inter-frame irradiance changes and
the spatial partial derivatives are sufficiently large. The
remaining points are assigned a predefined maximum
scene depth. Once the position vectors in the camera
frame become available, the expression (33) can be
used to transform the position components into the
inertial frame.

RESULTS AND DISCUSSIONS

The performance of the obstacle location algorithm
was tested using two different image sequences. The
first of these was a laboratory scene used in [8 and
9]- The second test image sequence was obtained
from a camera mounted on the nose of a helicopter.
Results obtained using the second image sequence
are discussed here. Two images from an airborne
camera are shown in Figs. 3 and 4. The camera
was mounted on the nose of a fully instrumented
CH-47B Chinook helicopter. The cameras were
calibrated using a calibration grid and a transit, and
laser distance measuring equipment [12]. The images
were recorded on a conventional video cassette
recorder. These images were later digitized. The digital
images consist of a 512 x 512 pixel arrays, with 8 bit
gray-scale digitization. The camera was operating at
a rate of 30 frames/s. During the imaging process,
the rotorcraft was flying at an altitude of about 12 ft
above the runway at a speed of 32.6 ft/s. The image

Fig. 4. Second sample image.

pair given in Figs. 3 and 4 are temporally separated
by 0.17 s. During this time, the rotorcraft underwent
a translational motion of [5.41,—0.44,0.02]" ft and
experienced an attitude motion of 0.059 deg about the
pitch axis, —0.08 deg about the yaw axis, and 0.12 deg
about the roll axis.

Besides other details, Figs. 3 and 4 show a runway,
and five vehicles parked on the two sides. The
instrumented nose boom of the helicopter is clearly
visible at the top right-hand part of the image. Time
synchronization parameters identifying this frame are
displayed in a subpicture on the top left-hand side of
the image.

As indicated elsewhere in this paper, the ranging
algorithm requires the spatial derivatives of the image
irradiance. These spatial partial derivatives together
with consistent image irradiance distributions were
computed using irradiance estimators of the form:

9P _ _50p+50E

dx
? 1)
r 1 0
= Lsol e+ [so) ®
r -5.0 5.0
diyq— = —5.0p +5.0¢1e2
? 42)

[2] ) [—z.o] q+ [5(.)0} hez

Output of these estimators were used in (40) to
form the various partial derivatives. These values
were then used together with the vehicle motion data
obtained from the on-board inertial navigation system
to compute the distance to various obstacles. Since
the range calculations given in this initial study were
carried out using the leading term of the Taylor series
expansion (6), first-order estimators were adequate.

The object location data was computed at
480 points on the image plane. In Fig. 5, the points
at which the location data was computed are shown as
white dots. This represents about 0.2% of the possible
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Fig. 5. Points at which object location data are computed.

TABLE 1
Comparison Between Actual Range (Feet) And Estimated Range
(Feet) For Some Objects In The Scene

mb ject | Actual Estimated | N umb:‘
Range Range of Points
Vehicle 1 | 356.4 335.6 113
Vehicle 2 | 607.0 395.9 24
@icle 3| 232.8 202.1 160

262,144 points. The object location data can be reliably
recovered only at those points where a significant
image intensity change is detected between the image
frames.

Table I summarizes the comparison between
computed and actual locations of some of the objects
in this scene. This table also gives the number of
points at which the computations were carried out for
each object. Even though the image was not of high
quality, note that the algorithm determines the location
of two vehicles with acceptable accuracy. There is a
large error in the location of the vehicle number 2.

At this stage it appears that this inaccuracy may be
caused by the low resolution of the image. Additional
tests are currently being carried out to determine the
image resolution requirements for obtaining a desired
position determination accuracy.

CONCLUSIONS

A passive image-based obstacle location algorithm
for use in the guidance of rotorcraft during low
altitude flight was described. The algorithm uses the
vehicle-camera translation and rotational motion data
together with the image sequences to compute the
location of various objects within the field-of-view.

832 IEEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS VOL.

The method uses a Taylor series approximation
of the correspondence hypothesis together with
the perspective projection geometry. The present
research generalizes previous work on an object
location algorithm to include both the translational
and rotational motion of the imaging devices and the
vehicle. The resulting algorithm is more general and
can operate in multicamera imaging environments. The
performance results using an image sequence from an
airborne camera are given.
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